The adipose-derived hormone, leptin, was discovered over 10 years ago, but only now are we unmasking its downstream pathways which lead to reduced energy intake (feeding) and increased energy expenditure (thermogenesis).
Introduction
The hormone leptin exerts the vast majority of its metabolic effects via the CNS (Cohen et al., 2001; Kowalski et al., 2001) . The signaling form of its receptor, lepr-B, is expressed in a number of brain sites, but most abundantly in hypothalamic nuclei that regulate energy homeostasis, including the arcuate nucleus (Arc), dorsomedial hypothalamic nucleus (DMN), lateral hypothalamic area (LH), and the ventromedial hypothalamic nucleus (VMN) (Mercer et al., 1996; Schwartz et al., 1996; Elmquist et al., 1997 Elmquist et al., , 1998 . While many models of leptin action have put principal emphasis on neurons of the Arc, recent data have revealed that POMC-specific lepr-B knock-out mice do not exhibit the morbid obesity and other defects characteristic of ob/ob (Bray and York, 1979; Zhang et al., 1994; Lee et al., 1996) or db/db mice, implicating extra-arcuate sites, including the VMN, in leptin responses (Balthasar et al., 2004) .
Leptin signaling in the VMN plays an important role in regulation of energy homeostasis. Exogenous leptin treatment induces c-Fos protein expression and STAT3 phosphorylation in VMN neurons (Elmquist et al., 1997; Hübschle et al., 2001; Frontini et al., 2008) and extracellular electrophysiological recordings reveal that approximately half of all VMN neurons re-spond to leptin (Irani et al., 2008) . Zhao and colleagues demonstrated that targeted deletion of the VMN transcription factor steroidogenic factor 1 (SF-1) results in agenesis of the VMN and obesity (Majdic et al., 2002; Zhao et al., 2004) . The SF-1 promoter has since been used to drive expression of Crerecombinase, to selectively knock out "floxed" genes in the VMN. Most notably, SF-1-driven deletion of lepr-B results in an obese phenotype, similar in severity to that observed in POMC-Cre lepr flox/flox mice (Dhillon et al., 2006) . Moreover, lepr-B knock out in both POMC and SF-1 cells has an additive effect, increasing the obesity seen in either single mutant. These data imply that, far from being subordinate to the Arc, the VMN may impose just as much influence on central leptin signaling.
Despite compelling evidence for a role of the VMN in energy balance, phenotypic characterization of its cell populations remains poorly described. Like many hypothalamic neurons, at least some of the effects of SF-1 cells in the VMN are mediated by glutamate (Tong et al., 2007) , although neuropeptidergic classifications remain elusive. Microarray studies have identified a number of VMN-enriched genes, including the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) (Segal et al., 2005; Kurrasch et al., 2007) , which has been implicated in many central functions (for review, see Vaudry et al., 2000) . The pleiotropic nature of this peptide has made it difficult to study in terms of energy balance; however, in this study, we have shown by in vivo pharmacological and histological methods that the VMN PACAP population partially mediates responses to leptin, and that PACAP exerts robust effects on both appetite and energy expenditure in mice.
Materials and Methods
Subjects. Unless otherwise stated, experiments were performed using adult male CD-1 mice (35) (36) (37) (38) (39) (40) Harlan) . Animals were maintained on a 12:12 h light/dark cycle at 22 Ϯ 1°C with 45 Ϯ 10% humidity at University of Manchester, UK. All experiments were performed in accordance with the UK Animals (Scientific Procedures) Act (1986) .
Dietary manipulations. Mice were group housed with ad libitum access to water. Food was removed at 10:00 A.M. and animals were subsequently food-deprived for 48 h. Half were given daily intraperitoneal injections of recombinant murine leptin (2 mg/kg), and half sterile isotonic saline at 8:00 P.M. for the duration of the fast. A control group was not fasted and also received saline (n ϭ 7 per group). A separate cohort of mice received high-energy diet (HED; 60 kcal % fat; D12492 Research Diets) for 8 weeks, beginning at 8 weeks old. A control group remained on normal chow throughout this period (n ϭ 8 per group).
Surgical procedures. For cannulation of the lateral ventricle, animals were maintained under anesthesia with 1-2% isoflurane in oxygen (500 ml/min). A sterilized guide cannula was inserted to the depth of 1.0 mm, 0.2 mm posterior and 1.0 mm lateral to bregma and fixed in position using acrylic dental cement (Kemdent) adhered to a jeweler's screw. For implantation of remote radio telemetry transmitters, animals were anesthetized as above and a precalibrated, sterile radio transmitter (TA-F20 Data Sciences International) was inserted into the peritoneal cavity. Following surgery, mice were singly housed and given 1 week to fully recover before being used in any experiment.
Assessment of food intake and body weight. For fast-induced refeeding, mice were food deprived from 4:00 P.M., and between 10:00 and 10:30 A.M. the following day freely behaving mice were injected into the lateral ventricle (a depth of 2 mm below the skull surface; intracerebroventricularly) with 1 l of sterile isotonic saline or drug over a period of 1 min (recombinant murine PACAP 15 pmol, 30 p mol, 60 pmol, recombinant murine PACAP 6-38 0.3 nmol, both Bachem; n ϭ 6 -10 per group). Weighed food was immediately returned, and food intake monitored at 1, 2, 4, and 24 h postinjection. For nocturnal feeding, mice were weighed and given an intracerebroventricular injection of drug (PACAP, or recombinant murine leptin, 60 pmol, Peprotech EC; all diluted in sterile isotonic saline) or sterile isotonic saline at lights off and preweighed food was immediately returned and monitored as before. Body weight was taken at 24 h postinjection. For the pair feeding experiment, the following night, a naive group were weighed and intracerebroventricularly injected with 1 l of sterile isotonic saline, and then pair-fed with the mean quantity of chow as had been consumed by the PACAP-injected animals over the previous 24 h (n ϭ 6). Body weights were recorded at 24 h postinjection.
Behavioral satiety sequence. Mice were singly housed in transparent cages following surgery and were food deprived from 4:00 P.M. on the day before injection. Between 10:00 and 10:15 A.M. the following day animals were injected intracerebroventricularly with PACAP or sterile isotonic saline (n ϭ 4 per group). Food was then returned and behavior observed and recorded at 30 s intervals for 90 min. Behavior categories were established beforehand and were as follows: feeding, drinking, active, inactive, grooming, and resting (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Assessment of core body temperature and oxygen consumption. Core body temperature (CBT) and volume of oxygen consumption (VO 2 ) were recorded simultaneously. Animals were singly housed in metabolic chambers with ad libitum access to normal chow and water throughout the experiment. Oxygen consumption was measured using indirect calorimetry at 10 min intervals (CLAMS system, Columbus Instruments). Chronically implanted radio transmitters were detected by individual receiving pads, positioned underneath each metabolic cage and signal converted to temperature readouts by an external processor (Dataquest Art v2.3, Data Sciences International). Following an acclimatization period of Ͼ24 h, animals were injected intracerebroventricularly with sterile isotonic saline or drug at 10:00 A.M. and monitored for 24 h (n ϭ 6 -12 per group).
ob/ob and SF-1-Cre lepr flox/flox mice. Eight-week-old male ob/ob-C57BL/6 mice (Harlan) were given daily intraperitoneal injections of recombinant murine leptin (2 mg/kg), or sterile isotonic saline at 10:00 A.M.
for 5 d. ob/wt littermate controls received daily injections of sterile isotonic saline (n ϭ 8 per group). SF-1-Cre lepr flox/flox and control lepr flox/flox (Dhillon et al., 2006 ; n ϭ 7 per group) were bred from founders in the University of Manchester Biological Support Facility and killed at 8 weeks old. Animals used for comparison were males from two litters of the same generation to minimize confounding effects of mixed strain background.
Dual-label ribonucleotide in situ hybridization histology. Naive mice were killed by cervical dislocation between 10:00 and 12:00 A.M. and brains were quickly removed and frozen on dry ice. Fifteen micrometer cryostat hypothalamic sections were thaw-mounted onto Polysine slides (Menzel and Glaser), and stored at Ϫ80°C until use. Sections were fixed using 4% paraformaldehyde in 0.1 M phosphate buffer (PB), then treated with 0.25% acetic anhydride in 0.1 M triethanolamine HCl/0.9% NaCl for 10 min, dehydrated in increasing concentrations of ethanol, delipidated in 100% chloroform, and air dried. Sections were then hybridized with a mixture of PACAP 33 P-conjugated (1 ϫ 10 6 counts/ml), and SF-1 digoxygenin (DIG)-conjugated (300 ng/ml) probes in buffer (4 ϫ SSC; 50% deionized formamide, 1 mM EDTA, 20 g/ml yeast tRNA, 10% dextran sulfate, 1 ϫ Denhardt's solution; all Sigma Aldrich). Riboprobe details are as follows: PACAP mRNA bases 506-980; 494b. SF-1 mRNA bases 2038-2870; 847b. Hybridization took place at 65°C overnight and sections were then rinsed in 2 ϫ SSC at room temperature (RT), then 2 ϫ SSC, 2 ϫ SSC/50% formamide, and 0.5 ϫ SSC, all at 60°C. Sections were then washed 0.1 M Tris-buffered saline (TBS pH 7.5) and blocked using fetal calf serum in TBS-T (TBS pH 7.5, 0.1% Triton). Slides were then incubated at 4°C overnight in anti-digoxigenin-POD, fab fragments (Roche Diagnostics; 1:1500 in blocking buffer), then washed again in TBS pH 7.5, followed by two further washes in 0.1 M Tris pH 9.5, 0.1 M NaCl, 50 mM MgCl 2 . Bound DIG-probe was detected using NBT-BCIP (Roche Diagnostics, 1:100 in buffer 2) and slides were thoroughly washed and air-dried before coating in emulsion solution (K5; Ilford Imaging). Emulsion dipped slides were stored at 4°C for 8 weeks and then developed and fixed using Ilford imaging reagents (1:5 Phenisol, 1:5 Hypam, Ilford Imaging). Slides were then air dried and coverslipped using xylene-based mounting medium. A neuron was considered positive for SF-1 if the cell body was clearly DIGlabeled (purple stain) and PACAP positive if its cell body was decorated with at least 10 silver grains (3 ϫ above background).
Semiquantitative oligonucleotide in situ hybridization histology. Mouse hypothalamic sections were processed as for ribonucleotide in situ hybridization, except sections were not delipidated in chloroform. An antisense PACAP oligonucleotide (sequence: CAGTCACTGTCTGGA-GCTGGTGTCTGGAGAGAAGCC) was end-labeled with 35 S-dATP by incubation with terminal deoxynucleotydyl transferase (TdT; Promega). Unincorporated nucleotides were removed using MicroSpin G-25 columns (GE Healthcare) according to kit instructions. Sections were hybridized at 37°C overnight, with hybridization buffer (4 ϫ SSC, 500 g/ml salmon testes DNA, 2% Denhardt's solution, 2.5% dextran sulfate, 50% deionized formamide and 0.3% ␤-mercaptoethanol) containing 1 ϫ 10 6 counts per ml labeled oligonucleotide. Slides were washed three times in 1 ϫ SSC at 55°C, followed by 1 h at room temperature in the same buffer. Slides were dipped briefly in 300 mM ammonium acetate, followed by 70% ethanol, air dried and exposed to Kodak Biomax film and stored at 4°C for 4 -6 weeks. Region-specific optical density data were collected using Leica-Qwin imaging software and normalized to background.
Statistical analysis. Datasets were analyzed using Graphpad Prism software (version 4) using an unpaired Student's t test where two groups only were compared, or one-way ANOVA followed by Dunnett's or Newman-Keuls post hoc tests where three or more groups were compared. Nonparametric Pearson correlation was performed to compare individual body weights with relative PACAP expression in the HED experiment. p Ͻ 0.05 was considered statistically significant.
Results

SF-1 cells of the dorsomedial VMN express PACAP
Previous electrophysiological recordings from SF-1 neurons, preidentified by their expression of green-florescent protein, reported that 82% SF-1-positive cells tested were depolarized by leptin (Dhillon et al., 2006 ), suggesting they are likely to be of a "catabolic" nature (perhaps functioning to reduce feeding and to increase energy expenditure). In the present study, dual-label in situ hybridization histology showed that in the dorsomedial and central VMN subdivisions PACAP mRNA is expressed in nearly all SF-1-positive cells (90 Ϯ 2% and 91 Ϯ 1% respectively) ( Fig. 1 ; Table 1 ), allowing us to conclude that a major population of leptin-sensitive neurons contain PACAP. Conversely, while the majority of PACAP-positive cells in the dorsomedial and central VMN contain SF-1, the overlap of the two markers in the ventrolateral VMN is less striking and may underlie functional differences between the regions.
The expression of PACAP in the VMN is regulated according to energy status
Having postulated that PACAP-containing neurons are a target for leptin we would expect them to be sensitive to energy status. We used 48 h food deprivation and diet-induced obesity (DIO) as contrasting experimental paradigms, to investigate whether PACAP expression in the VMN undergoes plastic changes in response to energy balance signals. Mice fasted for 48 h lost 11 Ϯ 0.5% of their original body weight if given saline and 13 Ϯ 1% with leptin replacement (both p Ͻ 0.001 compared with fed controls) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). Recently, Mounien et al. (2009) demonstrated using rtPCR that total hypothalamic PACAP mRNA is reduced following 48 h fasting in mice. Using a similar paradigm, our semiquantitative in situ hybridization reveals a VMN-specific downregulation of PACAP expression compared with nonfasted mice (Ϫ39 Ϯ 2%, p Ͻ 0.001) ( Fig. 2 B) , which can be prevented by leptin replacement. No differences were observed in the medial habenula (mHab), which was used as a comparison region for analysis. These results show that fasting induces a rapid decrease in VMN PACAP expression, presumably as a result of the low leptin levels that typify this condition.
Shifts in energy balance in the opposite direction, i.e., obesity, represent a much more complex physiological state, the mechanisms of which remain largely obscure. 8 weeks on HED caused weight gain of 39 Ϯ 5% compared with 17 Ϯ 1% in the control chow group ( p Ͻ 0.001) (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). However, as has been reported previously (Levin et al., 1997; Archer et al., 2003; Koza et al., 2006; Enriori et al., 2007) , there was marked variation in susceptibility to weight gain on high energy diet, with some individuals gaining no more that those on control diet. Group data showed that HED-fed mice had increased VMN PACAP expression compared with chow-fed controls (ϩ52 Ϯ 14%, p Ͻ 0.01) ( Fig. 2Ci ). Spearman correlation analysis of body weight versus relative PACAP expression revealed a significant positive correlation in the normal chow controls ( p Ͻ 0.05, r ϭ 0.86) ( Fig.  2Cii ) and a significant negative correlation in the HED-fed mice ( p Ͻ 0.01, r ϭ Ϫ0.95) (Fig. 2Ciii ). These data imply that VMNspecific upregulation of PACAP expression could form part of the physiological counter regulation which prevents DIO.
To further investigate the effects of leptin on PACAP expression we have used two genetic models of defective leptin signaling. Homozygous genetic deletion of the ob gene results in a well documented morbidly obese phenotype, and abnormalities in metabolic rate, thermogenesis and sexual function (Zhang et al., 1994) . ob/ob mice have vastly distorted hypothalamic energy balance pathways, with abnormalities in BDNF, NPY and POMC mRNA expression (Morley et al., 1995; Thornton et al., 1997; Schwartz et al., 1998; Komori et al., 2005) , and atypical synaptic architecture (Pinto et al., 2004) . Exogenous leptin rapidly ameliorates these defects, resulting in normal metabolic rate, appetite and body weight (Pelleymounter et al., 1995; Hwa et al., 1997) . We determined whether lack of leptin, and subsequent leptin replacement affects PACAP expression in ob/ob mice, as it does in the fasting paradigm. At the start of the experiment ob/ob mice were 56 Ϯ 2% heavier than their lean, heterozygous littermates, which were used as controls. Leptin-injected ob/ob mice lost weight steadily over the course of the experiment, and on day 5 were significantly lighter than the ob/ob group receiving saline (Ϫ10 Ϯ 3%) (supplemental Fig. 1C , available at www.jneurosci. org as supplemental material). ob/ob mice, similar to fasted wildtype mice, showed significantly lower PACAP expression in the VMN (Ϫ32 Ϯ 5% compared with ob/wt, p Ͻ 0.001) (Fig. 2 D) . Furthermore, despite relatively modest weight loss, VMN PACAP expression in the leptin-treated group was restored to that of lean controls. PACAP expression levels were similar in the mHab of all three groups, suggesting that leptin modulates PACAP expression selectively in the VMN.
The SF-1-Cre lepr flox/flox strain lacks lepr-B selectively in SF-1 cells (Dhillon et al., 2006) . This model provides further insight into leptin signaling within the VMN, since extra-VMN leptin targets, such as the Arc, DMN and LH remain intact. In contrast with ob/ob, SF-1-Cre lepr flox/flox mice display only a mild obese phenotype, with relatively normal food intake and metabolic rate. These mice, therefore, are a useful model for studying VMNspecific leptin actions, without any confounding effects of morbid obesity. Young adults were used for this experiment as they were not yet significantly different in weight from the relevant transgenic controls (lepr flox/flox ) (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). SF-1-Cre lepr flox/flox mice have significantly lower PACAP expression in the VMN than controls (Ϫ21 Ϯ 4%, p Ͻ 0.05) (Fig. 2 E) . This is not to the degree observed in either fasted or leptin-deficient animals, but provides evidence that leptin action specifically through SF-1-positive cells in the VMN has effects on PACAP expression. PACAP levels were normal in the mHab of the conditional knock-out mice.
PACAP induces hypophagia and thermogenesis via PAC 1 receptors
Numerous studies have reported on the anorexigenic effects of PACAP in vivo (Morley et al., 1992; Mizuno et al., 1998; Tachibana et al., 2003; Matsuda et al., 2005; Mounien et al., 2009 ), but it has not yet been established if these effects are physiologically relevant. PACAP has been implicated in a number of centrally mediated functions, including circadian entrainment to light, neuronal development and protection, and the stress response to infection (for review, see Vaudry et al., 2000) , hence reduced food intake may be secondary to any of these responses. It is also noteworthy that exogenously administered peptides can have nonspecific effects that are distinct from receptor binding. We have taken measures in our experimental design, particularly the use of behavioral satiety sequence (BSS) analysis, to test these possibilities. PACAP administered intracerebroventricularly significantly reduced fast-induced refeeding compared with saline at doses of 60 and 30 pmol, but not at 15 pmol (Ϫ82 Ϯ 11%, Ϫ36 Ϯ 9%, Ϫ13 Ϯ 3% respectively at 1 h) (Fig. 3A) . Effects were seen at 1, 2, and 4 h postinjection, with the highest dose (60 pmol) producing persistent anorexia over 24 h. To determine whether food intake was being reduced by a homeostatic mechanism, BSS analysis was performed using each of the doses. Agents which reduce food intake by sedative or aversive effects cause marked disturbance of the BSS pattern, whereas true satiety factors do not alter the overall sequence of behaviors (Antin et al., 1975; Halford et al., 1998) . BSS analysis revealed a disruption of the behavior sequence following 60 pmol of PACAP, with the majority of time being spent "inactive." By comparison, 15 and 30 pmol doses did not disrupt the overall pattern of the BSS, but did significantly alter time spent in certain behaviors, as expected for such a pleiotropic peptide (Table 2; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Based on feeding and BSS dose responses, 30 pmol was selected as optimal for subsequent experiments, as the highest dose to produce robust anorexia with minimal adverse effects.
PACAP at this dose also significantly decreased nocturnal food intake when injected just before lights off, more potently than in the fasted, daytime paradigm. PACAP-injected animals lost 11 Ϯ 3% body weight ( p Ͻ 0.01), whereas saline-injected pair-fed mice lost significantly less weight ( p Ͻ 0.05) (Fig. 3B) . Reduced food intake, therefore, cannot fully account for PACAPinduced weight loss, prompting investigation into PACAP's effect on energy expenditure. To examine this directly, we injected nonfasted mice during the mid-morning to ensure a low baseline in our control group. PACAP-injected mice showed transient increases in CBT (ϩ1 Ϯ 0.2°C) and VO 2 (ϩ339 Ϯ 54 mg/kg/h) over control levels (Fig. 3C,D) , which were significant between 1 and 6 h postinjection. Since the 24 h group means are not significantly different, we can assume that the effects of a single dose of PACAP on energy expenditure are short term. These data confirm that PACAP not only decreases appetite, but also increases metabolic rate. This could account for the more pronounced loss in body weight observed in PACAP-injected mice, compared with pair-fed control mice.
Binding assays show that PACAP acts predominately at the PACAP-specific PAC 1 receptor (Gourlet et al., 1995) , but also binds at the VPAC receptors, which recognize a related peptide, vasoactive intestinal peptide (VIP). In mammals it is likely that PACAP exerts many of its effects through the PAC 1 receptor, demonstrated by the striking phenotypic similarities between PACAP-and PAC 1 -knock-out mice (Hashimoto et al., 2000) but not VPAC 1 -or VPAC 2 -knock-out mice (Hughes et al., 2004; Bechtold et al., 2008) . Furthermore, since equivalent intracerebroventricular doses of VIP cause no significant changes in food intake or CBT (S. M. Luckman and Z. Hawke, unpublished observations), it is likely that the effects of PACAP are mediated by PAC 1 . It was recently shown that PACAP-induced anorexia can be blocked by PACAP 6-38 , a potent PACAP antagonist with high affinity for PAC 1 (Mounien et al., 2009 ). We have shown that coadministration of 0.3 nmol of PACAP 6-38 and 30 pmol of PACAP, results in full reversal of the anorexic, and also thermogenic effects observed when PACAP is given alone (Fig. 4) . PACAP 6-38 alone had no significant effect on either food intake or CBT in this experimental paradigm. This suggests that PACAPinduced effects on energy balance are a result of action at the PAC 1 receptor, as opposed to VPAC-mediated or nonspecific responses.
The responses to leptin are mediated, in part, through PACAP signaling Single, central injection of leptin acutely affects both food intake and CBT in rats and mice, and administration of antagonists to leptin target pathways can reduce the magnitude of these effects (Seeley et al., 1997; Gardner et al., 1998; Uehara et al., 1998) . Here, we investigated whether blocking endogenous PACAP receptors can prevent the acute, centrally mediated effects of leptin on food intake, body weight and CBT. An intracerebroventricular dose of 60 pmol of leptin significantly attenuated nocturnal food intake (Ϫ56 Ϯ 5% compared with saline controls at 2 h, p Ͻ 0.001) ( Fig. 5A ) and body weight (Ϫ3 Ϯ 1% change over 24 h, compared with ϩ1.5 Ϯ 1% change in the control group). Coadministration of 0.3 nmol of PACAP 6-38 , to antagonize PAC 1 receptors, significantly reduced the magnitude of these effects (Fig. 5A ). PACAP 6-38 had no significant effects when given alone. Central leptin injection in the daytime resulted in an elevation of CBT over controls that was statistically significant between 1 and 6 h postinjection (ϩ0.9 Ϯ 0.2°C compared with controls, p Ͻ 0.01) (Fig. 5B ). Coadministration of PACAP 6-38 significantly reduced the potency of this hyperthermic response (ϩ0.3 Ϯ 0.1°C compared with controls, p Ͻ 0.01) (Fig. 5B) . Together with the feeding data, this provides strong evidence that PACAP forms an important downstream component of the acute effects of leptin on energy balance.
Discussion
Identifying PACAP as a VMN phenotypic marker
The VMN of the hypothalamus plays an important role in the regulation of feeding and energy homeostasis. Genetic ablation of the VMN by SF-1 knock-out results in obesity, and SF-1-targeted deletion of lepr-B produces an obese phenotype which is exacerbated by HED (Zhao et al., 2004; Dhillon et al., 2006) . While the neuronal phenotypes remain to be fully classified, VMN neurons are known to respond to many peripheral indicators of energy state, including glucose, leptin, ghrelin, and insulin. However, despite convincing evidence for the importance of the VMN, few neuropeptidergic markers for specific classes of VMN neurons are available. This is in stark contrast to other hypothalamic nuclei, such as the Arc, PVN, and LH. VMN cells are predominantly glutamatergic, and Tong et al. (2007) demonstrated that blocking glutamate release from SF-1-positive cells by deletion of the glutamate vesicular transporter, VGLUT2, does not produce an obese phenotype, although it does affect counter-regulatory responses to hypoglycemia and predisposition to DIO. These findings raise the possibility that other effectors released from SF-1 neurons, for example neuropeptides, may also be of importance. We investigated the metabolic role of PACAP, a pleiotropic neuropeptide, which was recently identified by microarray as a "VMN-enriched" gene (Segal et al., 2005; Kurrasch et al., 2007) .
VMN PACAP neurons are likely to be a direct target for leptin
Neuro-anatomical studies have led to the supposition that the Arc is the main target for processing leptin's anti-obesity effects (Spiegelman and Flier, 2001; Saper et al., 2002; Schwartz and Porte, 2005) . Although the data supporting this view are persuasive, they are challenged by the fact that mice lacking lepr-B expression in POMC cells develop only moderate obesity, and mice lacking lepr-B in SF-1 cells are equally obese. Electrophysiology and immunohistochemistry confirm that SF-1 cells in the VMN are a target for leptin (Dhillon et al., 2006) , and we have now shown that SF-1 and PACAP mRNAs are colocalized in the VMN, especially in the lepr-B-rich dorsomedial region, supporting the suggestion that PACAP cells in the VMN are a leptin target.
We found that PACAP mRNA levels are significantly reduced following acute fasting and in the leptin-deficient ob/ob mouse, both states of hypometabolism, increased appetite and low leptin. Moreover, we were able to restore VMN PACAP levels in both paradigms by exogenous leptin treatment. This suggests that leptin, acting either directly or indirectly, regulates PACAP expression, as it does other catabolic signaling molecules in the hypothalamus. Although PACAP cells will express lepr-B, we must also consider that the VMN has dense reciprocal connections with other hypothalamic leptin targets. To address whether expressional changes in PACAP were due to direct effects of leptin, we examined VMN PACAP levels in the SF-1-Cre lepr flox/flox strain, which lacks lepr-B expression specifically in SF-1 neurons. As expected, we found a significant decrease in VMN PACAP expression, which suggests that direct action of leptin on SF-1 cells brings about transcriptional activation of the PACAP gene.
The development and advancement of increased adiposity is a complex phenomenon which is yet to be fully understood. Rodents (and humans) possess varying susceptibility to excessive weight gain in an obesogenic environment, with some individuals showing natural resistance (Levin et al., 1997; Jebb et al., 2006; Koza et al., 2006; Enriori et al., 2007) . While a variety of mechanisms could contribute to this variability, several lines of evidence suggest that differences in the hypothalamic energy balance circuitry could be responsible. Recent characterization studies of HED-fed mice reveal impairments in adaptive thermogenesis, energy-intake control (Koza et al., 2006) , glucose handling and the anorexigenic response to leptin (Enriori et al., 2007) in obese but not lean HED-fed mice. Interestingly, we found that mice that defend normal body weight on HED display a marked increase in VMN PACAP mRNA not seen in heavier HED-fed mice. This correlation leads us to infer that PACAP may be important in positive as well as negative energy balance, and could form part of the counter-regulatory response against weight gain.
PACAP has effects on energy balance downstream of leptin
Leptin exerts its effects on food intake and metabolic rate by acting on "first order" neurons in the hypothalamus. Since we have shown that VMN PACAP cells are likely to be a leptin target, we next sought to clarify the effects of central PACAP on acute energy balance, and whether these are separate, or correlated with those of leptin. We found that the effects of intracerebroventricular PACAP injection were analogous to those observed when mice are given leptin. A dose of 30 pmol was sufficient to produce robust hypophagia, with minimal additional behavioral effects, since the BSS was not disrupted. We were then able to block this anorexia by coadministration with a competitive antagonist, PACAP 6-38 , indicating that effects are due to receptor activation rather than a nonspecific mechanism. Moreover, blocking central PACAP receptors with PACAP 6-38 also reversed leptininduced anorexia and body weight loss. Similar studies, which demonstrated that corticotrophin-releasing hormone (CRH) and melanocortin (MC) 4 receptor antagonists can attenuate leptin-induced feeding effects, have been pivotal in establishing CRH and POMC as functional leptin targets (Seeley et al., 1997; Gardner et al., 1998) . As such, the current findings provide strong evidence that PACAP receptors in the brain form part of leptin's downstream anorectic pathway.
In addition to its effects on food intake, leptin also impinges on energy expenditure by increasing brown-adipose tissue (BAT)-mediated thermogenesis (Collins and Surwit, 1996; Haynes et al., 1997; Hwa et al., 1997) . Leptin injection either centrally or peripherally increases sympathetic nerve activity to BAT (Collins and Surwit, 1996; Haynes et al., 1997) , and expression of uncoupling protein 1 (UCP-1), increasing heat production. We found a single, central leptin injection caused a transient increase in CBT, and that this response could be replicated by central PACAP injection. We had hypothesized that PACAP may affect thermogenesis, since one of the most striking features of the PACAP knock-out mouse is severely compromised cold tolerance (Arimura, 2002) . Furthermore, we found that leptin and PACAP thermogenic responses form part of the same endogenous pathway, since PACAP receptor antagonism fully prevented either PACAP-or leptin-induced hyperthermia. These data suggest that PACAP is critically associated with both the thermogenic and anorexigenic effects of leptin.
Possible downstream targets of PACAP-mediated effects on energy balance
Two major roles of the VMN are thought to be the control of food intake, primarily by stimulating satiety mechanisms, and control of energy expenditure, by sympathetic activation of peripheral targets. We have provided evidence that PACAP is involved in both of these functions; however its downstream targets are yet to be identified. The VMN has reciprocal connections throughout the hypothalamus, including with the Arc and PVN, and common anorexigenic pathways involving these targets seem inevitable. Indirect evidence for interactions between PACAP and the PVN is strong. Neurons of the PVN densely express the PACAPspecific PAC 1 receptor (Nomura et al., 1996) , and PACAPimmunopositive terminals directly contact CRH and thyrotropinreleasing hormone (TRH) cell bodies of the PVN (Légrádi et al., 1997 (Légrádi et al., , 1998 . In vivo studies in goldfish and chick have also shown that PACAP-induced anorexia is attenuated by pretreatment with CRH antagonists (Tachibana et al., 2004; Maruyama et al., 2006) . Together, these data imply that the two neuropeptides form part of the same central pathway. Evidence for interaction with the melanocortin pathway is also persuasive. POMC cells of the Arc express both PAC 1 and VPAC 2 receptors and PACAP induces POMC expression in vitro (Mounien et al., 2006) . Furthermore, pretreatment with SHU9119, an MC 4 receptor antagonist, partially attenuates the anorexigenic effects of PACAP in vivo. However, since lepr-B deletion on SF-1 and POMC cells appear to cause obesity by distinct pathways (Dhillon et al., 2006) , there may also be significant autonomy between PACAP-and POMC-mediated effects on energy balance.
In light of the thermogenically compromised PACAP knockout mouse, further investigation of PACAP's role in BAT activation is also justified. In the current study we have shown that PACAP is potently thermogenic, and that its level of expression in the VMN is closely correlated with metabolic rate. As such, brain regions involved in thermogenesis represent promising PACAP targets. One such area is the periaqueductal gray, a recently identified modulator of BAT sympathetic activation. Maekawa et al. (2006) showed that around half of VMN PACAP cells project to this midbrain region, and this may be one mechanism by which endogenous PACAP acts to increase CBT and energy expenditure.
Summary
The role of the VMN in energy balance has been largely disregarded following the identification of neuropeptidergic cell populations elsewhere in the hypothalamus, yet recent transgenic models have reasserted its importance in the maintenance of normal body weight and metabolism. Here, we provide convincing evidence that PACAP cells in this nucleus are acutely responsive to alterations in energy state and that they represent an important target of central leptin action.
